Abstract An annually resolved and absolutely dated ring-width chronology spanning 657 yrs. is constructed with Whitebark pine (Pinus bungeana Zucc.) samples from the southern Taihang Mountains, Eastern China. On the basis of a significant correlation between the tree-ring width index and observed instrumental data, precipitation in current May is reconstructed for the region since AD 1510, with predictor variables accounting for 37.9 % of the variance in precipitation data. In agreement with other drought reconstructions, notable dry spells occur in the 1630s-1650s, 1680s-1700s, and 1770s-1800s, whereas wet periods prevail in the 1530s-1570s, 1840s-1870s, and 1950s-present. Wavelet analysis reveals clear 2-8, 20-40, and 80-Climatic Change (2017) 
). The cliffs and deep valleys of Shennong Mountain have been shaped by tectonic movement, water erosion and abundant limestone leaching. The nearest meteorological station is Qinyang station (35°12.9′ N, 112°49.0′ E, 120 m a.s.l.) is located 18 km from the study site, where mean temperature culminates at 14.7°C between June and August. Precipitation increases gradually from January to June, but remains at fairly low sums, before increasing abruptly to reach a maximum in July, and then again starts to decrease gradually. Annual precipitation amounts to 563 mm, with July-September accounting for 55 % of the annual total (Fig. S1 , see Supplementary Information, hereafter referred to as SI). Local vegetation consists mainly of Whitebark pine (Pinus bungeana Zucc.) growing on top of steep cliffs where drought conditions prevail.
Chronology development
At least two standard 5-mm increment cores were taken from 32 trees (66 cores) and processed in the lab using standard dendrochronological procedures (Bräker 2002) . After cross-dating, ring widths were measured to the nearest 0.001 mm using a LINTAB measuring device and TSAPWin software. The quality of the cross-dating was also checked statistically with COFECHA (Grissino-Mayer 2001; Holmes 1983) . After statistical testing and the exclusion of young trees with ages <50 yrs., finally 22 trees (46 cores) were employed to develop the tree-ring chronology. Data was detrended to remove variability in the time series unrelated to climate. To avoid the Btrend distortion^we then performed a signal-free detrending (Melvin and Briffa 2008) using RCSsigFree_v45 (http://www.ldeo.columbia.edu/tree-ring-laboratory/ resources/software) with a 2/3 cubic spline function. Signal strength of the standard chronology was then assessed by the mean inter-series correlation (Rbar) and the associated expressed population signal (EPS). EPS is a function of Rbar and sample size, and estimates the variance fraction of an infinite, hypothetical population expressed by the chronology (Wigley et al. 1984) . Both Rbar and EPS were calculated for 51-year moving window with 50-year overlaps Fig. 1 Illustration of the study area with some impressions of the study site and the trees sampled. Point A indicates the gridded PDSI point nearest to our site along the chronology. To account for the decreasing number of series back in time, the variance of the chronology was stabilized using the method described by Osborn et al. (1997) . The EPS threshold was set to 0.85 to assess the adequacy of replications in the early years of the chronology (Wigley et al. 1984) . Using these criteria the original 657-yr. chronology (hereafter referred to as THS) was reduced to the period AD 1510-2013 for which EPS > 0.85 (Fig. 2) .
Climate data
Monthly mean temperature and precipitation data from Qinyang station were used for correlation analysis with the THS chronology, as were monthly ENSO Nino 3.4 region and PDO (1948 PDO ( -2013 indices (http://www.esrl.noaa.gov/psd/data/ climateindices/list/). We furthermore consulted the NCDC v4 ERSST dataset (Smith et al. 2008) to investigate teleconnections between precipitation in the study area and global sea surface temperature (SST) using the KNMI climate explorer (http://climexp.knmi.nl).
Bootstrapped correlation functions between THS chronology and monthly climatic data were performed to determine which monthly climate variables had most influence on tree growth using the DENDEOCLIM2002 program (Biondi and Waikul 2004) . Analyses were undertaken over a 12-month window (from previous October to current September) to detect the influence of previous and current year climate upon current year's tree growth. We also calculated correlation coefficients after the data were first differenced to evaluate their relationships at high frequency for the same period.
A split-sample calibration-verification approach (Michaelsen 1987) was then used to validate the calibration function. We determined Pearson's correlation coefficient (r), explained variance (R 2 ), reduction of error (RE; Fritts 1976) , and coefficient of efficiency (CE; Cook et . 1999) to assess the robustness of the reconstruction. Wavelet analysis, using a Morlet wavelet coupled with a 5 % red-noise reduction, was employed to reveal variability of the reconstruction in the frequency domain (http://paos.colorado.edu/research/wavelets/; (Torrence and Compo 1998) .
Monthly sea surface temperature (SST) of the Niño 3.4 region and PDO indices were then correlated with our reconstruction series from November of the previous year to June of the current year. With the purpose of investigating teleconnection of local precipitation with global SST and its stability, spatial correlations between our reconstruction and NCDC v4 ERSST we analyzed different periods of the past (1950-2013, 1951-1980, 1981-2010, 1911-1960, and 1961-2010) .
Four ENSO index reconstructions (i.e. Cook et al. 2009; D'Arrigo et al. 2005; Li et al. 2011; Wilson et al. 2010 ) and five PDO index reconstructions (i.e. Biondi et al. 2001; D'Arrigo et al. 2001, D'Arrigo and Wilson 2006; MacDonald and Case 2005; Shen et al. 2006) were consulted to investigate their relation with precipitation at our study site and in a longer-term context. The four ENSO reconstructions were subjected to a principal component analysis to identify the common signal of ENSO; the same approach was applied to the five PDO reconstructions. Based on the results of principal component analysis, the explained variances of the first principal component (PC1) were 60.1 % and 35.3 %, respectively, for the common periods (ENSO: 1607 (ENSO: -1978 PDO: 1700 PDO: -1979 (Table S2) . A simple correlation and 30-yr. running correlations between our reconstruction and the two PC1 series were then calculated separately.
Results

Relationships between the THS chronology and climatic data
Correlation analysis between the THS tree-ring index and climatic data of the Qinyang meteorological station clearly shows that tree growth is significantly and positively correlated with precipitation in current May (r = 0.61), and significantly and negatively correlated with temperature in current May (r = -0.37) (Fig. 3a) . Bootstrapped correlation functions performed between the THS first-order chronology and precipitation reveal significant positive correlations in April (r = 0.31) and May (r = 0.57) and. The correlation of the tree-ring index with May temperature remains significant (r = −0.53). 
Precipitation reconstruction since AD 1510
Based on the stable and significant relationship between the tree-ring index and May precipitation, the following simple linear regression model was developed to reconstruct May precipitation:
where THS represents the standardized tree-ring chronology, and P is precipitation in May. Because of the negative y-intercept, estimated precipitation will be negative if the tree-ring index is close to zero, thus, the model was designed as follows: Table S1 (see SI) presents result of the split-sample verification (RE>0.3 and CE>0.2), indicating significant skill in the tree-ring estimates.
The 13-yr. running smoothed curve of May precipitation reconstruction shown in Fig. 4b indicates long-term fluctuations in wet-dry trends. Obvious wet periods include the 1530s-1570s, 1840s-1870s, and the 1950s-present. Extremely wet years (≥ 2SD) are reconstructed for the years AD 1543 AD , 1546 AD , 1557 AD , 1594 AD , 1863 AD , 1987 AD , 1998 AD , 2004 AD , and 2006 . By contrast, during the 1630s-1650s, 1680s-1700s, and 1770s-1800s we observed relatively dry conditions. Extremely dry conditions (≤ − 2SD) prevailed in AD 1580 AD , 1586 AD , 1637 AD , 1640 AD , 1690 AD -1692 AD , 1785 AD , 1810 AD , and 1878 . b Precipitation reconstruction with the mean (dotted line) and a smoothed 13-yr. running mean (dark line), c wavelet power spectrum. The power has been scaled by the global wavelet spectrum shown to the right. The region under the dashed line is the cone of influence, where zero padding has reduced variance. The black contour indicates the 5 % significance level, using a red-noise (autoregressive lag1) background spectrum. d Global wavelet power spectrum (black line) with the significance for the global wavelet spectrum (dashed line), assuming the same significance level and background spectrum as in (c) The wavelet analysis reveals persistent (throughout the period covered by the reconstruction), yet discontinuous high-frequency patterns of 2-8 yrs. In addition, Fig. 4c illustrates that two sets of low-frequency, multi-decadal to centennial-scale patterns exist in the series; one of approximately 20-40 yrs. between AD 1610 and 1700 and another one of 80-130 yrs. being present mainly from AD 1730 to 1850. With respect to the result of the global wavelet spectrum shown in Fig. 4d , the most prominent periodicities observed in our record have~3,~30, and~130 yrs. Table S3 shows the correlations of reconstructed precipitation with the ENSO and PDO indices for the period covered by instrumental records. Significantly positive correlations between the ENSO index and our reconstructed series are found in previous August-October (year n-1) and in current January-April. Although significant correlations cannot be observed between the reconstructed series and the PDO index, we still observe higher coefficients between the series during the winter (December and January) preceding growth-ring formation. We also tested spatial correlations between the reconstruction and SST for different months . Our reconstruction shows strong positive correlations with instrumental SST fields (Fig. 5) , especially in March, thus suggesting a linkage between ENSO patterns and May precipitation. 1950-2013; b 1951-1980; c 1981-2010; d 1911-1960 and e 1961-2010) Comparison of spatial correlation patterns for the 30-yr. intervals 1951 30-yr. intervals -1980 30-yr. intervals (Fig. 5b) and 1981 30-yr. intervals -2010 (Fig. 5c) shows a clear discrepancy in spatial patterns, with spatial correlations of the last 30 yrs. being similar to those of the period 1951-2013 yet with higher correlation coefficients. However, if one looks at different 50-yr. intervals (Fig. 5d, e) , the spatial pattern of correlations appear to be different as well. The significant decrease in correlations during the period 1911-1960 can, however, be explained by the lack of instrumental data.
Correlations with ENSO, PDO, and global SST
While we could not find any significant correlations between our reconstructed precipitation series and the PC1 of ENSO and PDO, an inverse relation (correlation coefficients of −0.06 and −0.13) seems to exist between our reconstruction and the two PC1 series (Fig. 6a) . Indeed, the 30-yr. running correlations of our reconstruction with the PC1 of the ENSO and PDO reconstructions clearly shows that, despite the fact that some significantly positive correlations exist between the series in the early 18th and 19th centuries, our precipitation record and the PDO/ENSO indices are negatively correlated overall during the past 400 yrs. (Fig. 6b) .
Discussion
In this study, Whitebark pine (Pinus bungeana Zucc.) has been sampled in the Southern Taihang Mountains to build a 657-year long tree-ring chronology . Radial growth of trees in the study area is significantly positively correlated with May precipitation, which is in concert with existing work from nearby sites (Liu et al. 2009b; Shi et al. 2010 Shi et al. , 2015 ; Song et al. 2014). There, the positive correlations with May and June precipitation and negative correlation with May-July temperatures point to the critical role of the soil moisture regime at the onset of the growing season. Precipitation during the pre-growing and early growing seasons enhances soil moisture and favors the formation of earlywood cells, which is known to account for the majority of total ring width (Fritts 1976) . Cell division in the cambial zone of Chinese pine (Pinus tabulaeformis Carr.), for instance, starts in May in Northern China, and June and July are known to be the most productive months in terms of ring width (Liang et al. 2009 ).
At our site, maximum growth should occur earlier due to warmer temperatures. As shown in Fig. 3b , we find significant correlations between the tree-ring index and precipitation in April and May, suggesting that rainfall deficits in May (and to a lesser extent in April) are indeed critical for earlywood development. Precipitation conditions during this short period are thus crucial, and allowed reconstruction of past May precipitation and its variations for the period AD 1510-2013. We document obvious wet periods around the mid-16th and mid-19th centuries as well as for the period 1950s-present. Persistently dry intervals are, by contrast, found in the early to mid-17th, late 17th and late 18th centuries.
Results of this study were then compared with drought reconstructions from eastern China including the PDSI reconstruction in Kongtong Mountain (Fang et al. 2012) , the gridded PDSI reconstruction nearby our study area , precipitation reconstruction from the Hua Mountain (Hughes et al. 1994 ) and drought and flood series in Zhengzhou (CMA 1981) . Figure 7 shows that our reconstruction matches reasonably well with the drought/flood index Fig. 7 Comparison of the (a) THS reconstruction with the (b) drought/flood index from Zhengzhou city (CMA 1981) , c the gridded PDSI reconstruction for nearby environment , d April-July precipitation in the Huashan Mountains (Hughes et al. 1994 ) and e May-July PDSI reconstruction in the Kongtong Mountains (Fang et al. 2012) . Dark lines indicate smoothed 5-year running means, gray bars indicate periods where largescale droughts occurred, light gray bars highlight periods of disagreement of dry/wet variations between the series. r gives the correlation coefficients of our reconstruction with the other records used from Zhengzhou with a correlation coefficient of −0.30 (p < 0.01; AD 1510-2000); it also captures continuous periods of droughts/floods as recorded in historical documents (Zhang 2004) , such as the exceptional droughts in 1586-1589 or 1638-1641. Drought conditions in 1640 were apparently so severe that historical archives report the desiccation of the Yellow river as well as several of its major tributaries (Shen et al. 2007 ). The year 1640 also stands out as one of driest years of the last 500 years in our tree-ring record. Our reconstruction also captures the more recent drought episodes in 1785, 1877 -1878 , 1928 -1929 , and 1965 -1966 (Liang et al. 2006 Shen et al. 2007) .
By contrast, obvious disagreement exists between our record and the gridded PDSI reconstruction ) realized in nearby environments with low correlation coefficients of 0.08. We also document different, sometimes even opposite, fluctuations at decadal timescales, such as in the 1530s-1570s, 1700s-1750s, and 1950s-2000s. We explain these differences by the generalized lack of tree-ring chronologies at our study region and therefore inconsistencies in the development of the gridded PDSI series. Comparison between this study and drought reconstructions in the Hua and Kongtong Mountain shows a certain number of discrepancies as well, primarily at decadal timescales (Fig. 7) , but a good match in high-frequency variability with correlation coefficients of 0.26 and 0.29, respectively. We explain discrepancies between our record and these series with locally different representativeness of precipitation as well as differences in the seasons covered by the reconstructions. This is particularly the case for the Kongtong reconstruction (Fang et al. 2012) , located approximately 400 km to the West of our sites, where a drying trend in the most recent decades has been found, which is likely related to a monsoon failure since the 1980s (Li and Zeng 2002) . By contrast, our series exhibit a slight wetting trend, which is in line with instrumental data (Ding et al. 2008; Zhang et al. 2007 ). The apparent disagreement between the two series can possibly be attributed to interdecadal shifts in the East Asian monsoon (Wang and Chen 2014; Zhu et al. 2011) . Noteworthy, all the series discussed above agree on the periods of obvious droughts, i.e. 1680 -1690s, 1810s-1820s, 1870s-1880s, 1900s-1910s, and 1920 . These periods are also well recorded in proxy records from western China (Liang et al. 2006; Shao et al. 2005; Zhang et al. 2011a, b) , pointing to widespread impacts of these droughts.
Correlation and wavelet analyses suggest a close linkage between precipitation at our study and ENSO, yet with obvious variations in this relationship over time. Although the linkage between precipitation at our study site and PDO appears relatively weak in the instrumental period, significant negative correlations were common in the past 300 years. Also, the multidecadal periodicity observed in our study falls within the bandwidth of PDO variability (MacDonald and Case 2005; Minobe 1997 ). Similar temporal variations in the linkage between the tree-ring reconstruction and ENSO/PDO indices have been documented in previous work Gou et al. 2014; Hao et al. 2008; Li et al. 2015; . We also realize that the relationship appears stronger between the precipitation reconstruction and the PDO index. We thus conclude that our precipitation record and the PDO/ENSO indices are generally in anti-phase for the past 300 yrs. During high PDO and warm ENSO phases (i.e. El Niño), North China tends to receive below-average amounts of precipitation, whereas wetter conditions tend to prevail in periods characterized by a low PDO phase and La Niña events. Our findings are therefore comparable to the results of studies based on instrumental data (Qian and Zhou 2014; Chan and Zhou 2005; Wu et al. 2003 ) and historical documents (Pei et al. 2015) .
The influence of PDO and ENSO on precipitation variability in China has been the subject of various studies in the past (Chan and Zhou 2005; Shen et al. 2006 , Tan et al. 2014 . Yu et al. (2015) recently pointed out that the existence of warm winter sea surface temperatures during positive PDO phases in the eastern subtropical Pacific would propagate to the tropics in the following summer due to the weakening of the oceanic meridional circulation and the existence of a coupled wind-evaporation-SST feedback mechanism, and would thus result in a warming in the eastern tropical Pacific Ocean in summer. As a consequence, these events would lead to increased summer precipitation over the Yangtze River and decreased precipitation over North China. Wang et al. (2000) indicated that the key system bridging the warm (cold) events in the eastern Pacific and the weak (strong) East Asian winter monsoons are in fact driven by anomalous lower-tropospheric anticyclones (cyclones) located in the Northwestern Pacific. The Northwestern Pacific wind anomalies develop rapidly in late fall in year when a strong warm or cold event matures. The anomalies persist until the following spring or early summer, causing anomalously wet (dry) conditions along the East Asian polar front stretching from southern China to the east of Japan.
Based on a periodicity analysis of the PDO, Shen et al. (2006) indicated that solar forcing fluctuations on quasi-centennial timescales could have contributed to variations of the PDO before 1850, and that the behavior of the PDO after 1850 would have been driven -at least partly -by the onset of global warming. One might therefore speculate that the underlying mechanism driving atmosphere circulation and hence precipitation variations might indeed have affected rainfall and drought conditions at our study site and that the changes observed could be related to the effects of global warming on PDO. Nevertheless, one should also consider that the long-term ENSO and PDO indices used in this study are also based on highly resolved paleoclimatic proxies, in particular tree rings, which may be affected by a certain number of limitations as well. Despite limitations of our series in capturing PDO, the data presented in this study are still a valuable proxy for precipitation variations and will help to extend the number of climate records in the a poorly-studied area of China. By adding this chronology to other records of PDO (e.g., historical archives, tree-ring records), one may further constrain the influence of this mode of variability on Chinese climate in the future. For instance, based on dryness/wetness indices at 55 sites across eastern China (east of 105°E) for the period AD 1600-2012, Pei et al. (2015) found a good relationship between PDO and largescale flood-drought patterns in eastern China and throughout the last 4 centuries, provided that multi-decadal timescales were applied.
Conclusions
In this paper, we developed a 657-yr.-long Whitebark pine ring-width chronology, which indicates that tree growth in the South Taihang Mountains is mainly controled by precipitation during the early months of the growing seasons. The reconstruction shows long-term fluctuations in wet-dry trends, with obvious wet periods in the 1530s-1570s, 1840s-1870s, and the 1950s-present, and relatively dry conditions in the 1630s-1650s, 1680s-1700s, and 1770s-1800s. Our study also presents an out-of-phase pattern between precipitation in North China and the ENSO/PDO indices in the longer-term context, with a stronger negative relationship between precipitation and PDO, meaning that climate is drier in years with a high PDO and El Niño event.
Our study thus provides new insights into variations of dry and wet conditions, and extends our understanding on the impacts of ENSO/PDO on dry and wet variations in Eastern China, which were mainly based on instrumental data so far. The results of this study also call for more work so as to enhance the mechanistic understanding of the influence of ENSO and PDO on precipitation variations in our study region.
